In this paper, we propose a feedforward control method for suppressing residual vibrations, which consist of first and second vibration mode amplitudes, of a flexible manipulator with a point-to-point (PTP) motion. To construct the mathematical model of the manipulator system accurately, the parameters of the equations of motion are experimentally identified. In the control technique, we attempt to express the joint angle by the combination of cycloidal function and polynomial function, which is useful for analyzing natural frequencies and vibration modes of composite laminated plates and shells. The trajectory of the joint angle depends on the coefficients of the polynomial function. To cancel the residual vibrations, the coefficients are tuned by a particle swarm optimization (PSO) algorithm. By driving the joint angle of the manipulator along the optimal trajectory, not only the first vibration mode but also the second vibration mode can be suppressed after positioning, i.e., feedforward vibration control can be achieved for the high-speed positioning. Results obtained from simulations and experiments demonstrate the effectiveness and feasibility of the proposed vibration control technique.
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No.14-00530 [DOI: 10.1299/transjsme.14-00530], J-STAGE Advance Publication date : 26 January, 2015 (Abe, 2011b (Abe, , 2013 , 2008) . Fig. 2 Comparison of identified results (one mode analysis): (a) joint angle, (b) angular velocity, and (c) output voltage of strain amplifier. As portrayed in Fig. 2(c) , the experimental results are in good agreement with the simulation results. Consequently, we can confirm that the parameter identification is accurate.
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2 a n 3 (T E = 0.4 s θ E = π/12 rad) 4 4(c) Fig. 3 Comparison of simulation and experimental results (θ E = π/6 rad, T E = 0.8 s): (a) joint angle, (b) angular velocity, and (c) output voltage of strain amplifier. The residual vibration is perfectly cancelled when the manipulator is driven along the optimal trajectory under the same conditions as those shown in Fig. 2 . 
4 (1) (12) (14) e 4(c) ζ 2 ω 2 β 1 β 2 Fig. 5 Comparison of identified results (two mode analysis): (a) joint angle, (b) angular velocity, and (c) output voltage of strain amplifier. We consider the first and second vibration modes in the mathematical modelling, and then perform the identification experiment. As depicted in Fig. 5(c) , the precision mathematical model can be obtained.
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3.2 a n 2 3.1 θ E = π/18 rad, T E = 0.35 s 7 Fig. 10 Comparison of fast Fourier transform (FFT) analysis of the two optimal trajectories (θ E = π/18 rad, T E = 0.35 s). We can infer that the proposed method (2 mode) achieves the suppression of the residual vibration by decreasing the frequency components of the two natural frequencies in the angular acceleration profile.
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